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Abstract
In this paper are presented burner pressure
oscillations and interelectrode voltage oscilla-
tions measured in an open-cycle supersonic flaw
Nall generator. The ionized gas for the channel
was supplied by seeding the approximately 1 lb/sec
of hydrogen-oxygen combustion products with cesi-
um. Since both the burner and the channel were
located within magnetic fields exceeding : Tesla
during operation, m infinite probe pressure mea-
surement technique was used to measure burner
pressure oscillations. Calibration of the burner
pressurf transducer using a resonance tube tech-
nique is presented. Evidence is presented for the
existence of the first longitudinal mode of os-
cillations (SOOO "z) within the burner. Inter-
electrode voltage oscillations were simultaneously
measured at two separate axial stations. The
magnitude change and the phase shift between the
two signals was interpreted as a decaying magneto-
acoustic wave driven by the burner that propagates
at local gas plus sonic velocities. The amplitude
of the electrical voltage oscillations at the
start of the power producing region of the channel
varied with the magnetic field. This variation is
compared with the results of a simple perturbation
analysis. Arguments are presented for using an
unsteady model for analyzing wave processes in
channels.
I. Introduction
An important property of an electrical genera-
tor is its stability. In a formal sense, the
stability can be recognized as the sensitivity of
the generator to disturbances that will cause a
time varying output in the electrical power. An
MHO generator with its closely coupled fluid mech-
anical and electrical fields is particularly sus-
ceptible to a variety of instabilities. These can
arise from variations in operation of one or more
of the systems connected to the generator, or they
can arise from the gene r ator itself. In order to
achieve a power generation capability suitable for
commercialization, it 4 s important that these in-
stabilities be understood and their effects mini-
mized. Open-cycle MhD generators are particularly
sensitive to disturbances that arise within the
burner that supplies the ionized gas to the gen-
erator. Depending on whether the channel is
operated as a sub- or supersonic generator, any
burner-generated disturbances may be able to cou-
ple back to the burner, resulting in serious sys-
tem instabilities with potentially damaging re-
sults. While there has been no evidence presented
in the literature for the existent of these dam-
aging instabilities, it is useful t>> recall the
history of development of the large liquid and
solid propellant rocket engines used for space
propulsion. The smaller engines, that were used
for preliminary and subscale development, were
either stable or the instabilities were not seri-
ous. Only when the larger engines were under
development did we see the destruction that high
amplitude pressure oscillations could cause. The
increased importance of these oscillations as the
scale is increased is related to the decrease in
the relative wall damping and the proximity of the
burner or engine time scales with those of the
combustion processes.
In order to experimentally study the nature of
instabilities in open-cycle Mho generators, it is
convenient initially to decompose what can be a
very complex problem into its more simple compo-
nents. For the case of burner-coupled oscilla-
tions, this car be achieved most readily by oper-
ating the generator supersonically. Thus any dis-
turbance in the burner can be used to study the
ability of the generator to amplify or decay it
without a feedback to the burner. The most obvi-
ous requirement for this study is a source of dis-
turbances within the burner. Either a pulse or
oscillatory disturbance would be suitable. Based
on the requirements stated above, it appeared that
the "2-02 Fired MHO Generator Experiment at
the NASA Lewis Research Center would be suitable
for this study. The output of the generator was
of the order of 100 MW1m , the channel was cap-
able of instrumentation for transient measure-
ments, and, most important of all, there was some
evidence that the natural frequency for the first
longitudinal mode of oscillation with the combus-
tor was in tre range of a few kilocycles which
would be easily measured. Therefore, this mode
could be used as a source of oscillation propacat-
ing into the channel.
II_H-0, Burner and Channel
The MhD channel used in tnis investigation has
been more completely described in previous
papers. l
 Briefly, it consisted of a gaseous
hydrogen, gaseous oxygen fueled water-cooled
rocket combustor, operating stoichiometrically,
with a norrinal flow rate of 1 lb/sec, a chamber
pressure of 10 atmospheres, and seeded with a
cesium hydroxide water solution. Both steady and
transient combustor pressures were measured. The
nozzle exit (channel entrance) Mach number is
with a diameter of 2 inches. The channel is a
segmented hall desigr, with half-inch uncooled cop-
per heat sink electrode plates separated by mice
insulators. The channel is approximately 2 feet
long with a conical bore, a 4 to 1 area ratio, and
a single resistance load. Steady-state static
pressures and voltages are measured at various
axial positions down the channel. Oscillatory
voltage signals were measured at two positions.
The first position was at the start of the po., -
producing region of the Channel and the other at a
position -6 inches downstream. The liquid neon
cooled cryomagnet used can achieve B fields in
excess of 5 Tesla for short (5 sec) runs. The
maximum field strength used in t r is investigation
was 4 Tesla. A pictorial sketch of the magnet,
generator. and burner used is shown in Fig. 1.
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III. Measurement of Chamber
Pressure Oscillation?
In order to characterize the pressure oscilla-
tions within a comoustor. it is necessary, in gen-
eral, to have one or more high frequency pressure
transducers flush mounted in the chamber wall.
Thus, for normal rocket engine operation, the
transducers must be cooled, and if necessary,
mounted to avoid the effects of wall vibrations on
the signal. In the case of the channel being
sttr;ied, the Channel together with the burner is
inserted within the narrow magnet bore. Both the
high magnetic fields present during operation and
space limitations prevented installation of such a
flush mounted transducer. Therefore. in order to
measure the chamber pressure oscillations. it was
necessary to separate the transducer from the
chamber by a long small diameter tube. A review
of the literature indicated that the most promis-
ing approach was to use a very long tube with the
high frequency pressure transducer flush mounted
to the inside of the tube ("infinite probe") as
shown in Fig. 2. In principle, the damping
c reated by the tubes excess length would prevent
establishing any starting wave patterns and live a
flat frequency res ponse curve up to the poirt
wnere viscous and thermal dissipation would cause
significant signal decay. In Ref. 2. the authors
present a technique for including damping material
within the tube at a location calculated to elimi-
nate any standing	 patterns and insure a flat
response. Althou5	 his technique was demon-
strated to be suitaole for the oscii'. ions stud-
ied in that reference, it was not pos idle to
include damping material in the pres p ^t study
since the tube was used as part of the steady-
state pressure measurement and burner purge sys-
tem. Consequently, it was necessary to provide a
means of calibratiry the pressure transducer in
its "infinite probe" configuration.
Burner Pressure Calibration
A convenient method for the generation of high
frequency pressure oscillations together with ele-
vated mean pressures is the resonance tube (Fig.
2;. This simple device depends on the initiation
of longitudinal organ pipe oscillations within a
small closed-ended cylindrical cavity by having a
high pressure gas jet tinted into the open end of
t h e cavity at specifi,: ,;istances frwm the open
e ,l d. This device has been extensively studied and
it well characterized. For a frequency range of
10)o to 5000 Mz, the anticipated frequency range
for any burner pressure oscillation, cavity depths
of 112 to 3 inches are required, using air as the
driving gas.
F, • r a selected pressure of the air, the spac-
ing t2tween the air jet and the cavity inlet is
pres , :t at a point where maximum oscillations
occur. Frequency of oscillations is varied by
adjusting the position of the cavity piston.
With a resonance tube diameter of 1/4", it was
possible to achieve oscillation frequencies in
excess of 6500 Hz using 125 psig air as the driv-
ing gas. In order to assure that the oscillations
generated oi:, not have a significant component of
harmonic distortion, which would have complicated
the calibration process. the output from the flush
mounted ;ressure transducer was displayed on an
oscilloscope screen and photographs were taken of
the wave shape. A typical example is shown in
Fig. 3. The shape is remarkably sinusoidal con-
sidering that the u plitude of the signal 14 15
psi peak-to-peak out of a mean pressure of 40
psi&. The frequency of the displayed wave is 5060
Mz with some small variation about the value as
seen by the thickness of the trace. The ampliWde
of the pressure oscillations varied from 10 to 15
psi as the frequency of the wave was increased
from 1000 to over 6500 Hz, providing a relatively
constant input for calibration purposes. In addi-
tion, the static pressure within the tube, as mea-
sured by a Bourdon gauge at the end of the in-
finite probe coil, was 40 psi&.
The signals from the pressure transducer flush
mounted to the inside of the resonance tube and
the transducer attached to the infinite probe were
recorded on magnetic tape.
The recorded signals were then analyzed using
a Model 4008 Nicolet Scientific Corporation Fast
Fourier Transform Analyzer. This digital-type
analyzer readily produces the time variation of
the individual signals Power Spectral Density as
well as the Cross Spectral Density of the two sig-
nals. The result is a capability to observe the
time variation of the phase angle between the two
signals, the ratio of the magnitude of the two
signals or trans fer function, and a measure of
the correlation between the two signals, i.e.. the
coherence. The transfer function and the coher-
ence for the recorded data are shown in Figs. 4
and 5. Up to 4000 Mz. the transfer function indi-
cates a series of resonant peaks within the probe,
perhaps due to wave reflections off of area dis-
continuities, superimposed on a straight line
decrease due to viscous and thermal losses within
the probe. Beyond 4000 Mz there is a break in the
slope of the viscous/thermal loss curve. Referr-
ing now to the coherence between the two signals,
shown on Fig. 5. it can be seen that the coherence
drops off very rapidly beyond 4000 Mz, indicating
that data in this area are either insufficient or
that the signals are uncorrelated. Rather than
repeat the calibration process using the digital
analyzer, both signals were displayed on an os-
cilloscope screen and a series of photographs were
taken of the wave shapes. The amplitude ratio of
the waves, based on the oscilloscope photographs,
is given as . e circular symbols on Fig. 4. At
frequencies less than 4000 Mz. the two methods of
analysis agree whereas at frequencies above 4000
Hz, the scope photographs confirm a constant slope
in the transfer function due to viscous and ther-
mal losses in the infinite probe. Based on Fig.
4. an infinite probe transfer function of 28 d8
was used to convert the measured 5000 Mz chamber
pressure oscillations to actual values.
Burner Pressure Oscillations
During a test, the output from the infinite
probe transducer was recorded on magnetic tape for
analysis of the pressure oscillations. Using the
analyzer previously discussed. plots of power
spectra'i density as a function of either time or
averaged over the 5 second run could be readily
obtained. A typical time averaged plot is shown
in Fig. 6. The magnitude of the peak at approxi-
mately 5000 Mz is several dB above the background
and corresponds to a measured pressure oscillation
of 0.84 psi (p.t.p.). providing an unmistakable
signature of burner combustion oscillation. The
burner was cylindrical in cross section, 2.5
inches in diameter with a distance from the in,lec-
tor
 to the throat of seven inches. Based on a
calculated chamber Mach number of 0.23 and adopt-
Relative Magnitude of the Electrical Oscillations
Facility limitations prevented the measurement
of oscillatory pressures at the same position as
the electrical signal to that in order to deter-
mine whether the data were meaningful, it was
necessary to try to simulate the electrical signal
amplitude. The first or upstream position at the
front of the power producing region wes 6.6 inches
from ten channel entrance and corresponded to
0.5 inches downstream from the electrodes used for
current lead-ins. Based an the short distance and
without any other information, a simplified per-
turbation model with no wave damping mechanisms,
based on the work of Marble and Canal. was
used to estimate the oscillat ions in pressure,
velocity, and temperature a. that location, given
only the magnitude of the chamber pressure os-
cillations. Using the value from the burner pres-
sure measurement, a relative magnitude (oscillat-
ing hall voltage/steady hall voltage) of 0.258 was
calculated. This value, as shown on Table I com-
pares very favorably with the experimentally mea-
sured value of 0.268. The agreement is probably
fortuitous, considering 'the assumptions involved,
but does indicate thrt the electrical oscillations
near the entrance to the charnel are explainable.
Variation of the oscillations at the first
axial position with kooscd B-field was also cal-
culated using the perturbation analysis already
discussed. A comparison of the analyses with
experimental data is shown in Fig. 10. Both the
data and simple perturbation theory indicate that
the relative level of the oscillations at that
position decrease as B field is increased. The
one-dimensional channel model incorporated in the
perturbation analysis is not valid for very low B
fields so that the curve was not continued. Addi-
tional measurements and analyses are necessary to
verify this trend.
Oscillatory Pressure and Electrical Signal Decal
The results shown in Table I for the change in
relative magnitude (oscillating hall volt-
age/steady Mail voltage) of the electrical os-
cillation with axial position in the channel are
related to the loss mechanisms for oscillations
within the MMD duct. Oscillatory loss mechanisms
are generally based on heat transfer and friction-
al losses to the walls together with MD-" Iated
amplification or loss mechanisms. One of the
approaches commonly taken4
 to analyze these
phenomena is to assume that the frictional and
heat loss mechanisms are the sane for the oscilla-
tory flows as for the steady flows (quasi-steady
assumption). The validity of the assumption can
be viewed in terms of the ability of the momentum
thermal boundary layers to respond to osillatory
changes. Boundary layers have a finite time to
react to variations in the external potential flow
that is propo p :ional to the square of the boundary
layer (B.L.) thickness divided by the kinematic
viscosity. The proportionality factor is of the
order 0.1, based on exact solutions of boundary
layer startup and boundary layer oscillations.
The ratio of B.L. relaxation time to wave time
should then provide a measure of the validity of
the quasi-steady assumption for analyzing wave
damp ing processes. For the case of the present
channel study, the ratio of B.L. relaxation
timelwave time is approximately 50:1. Thus the
quasi-steady assumption does not appear to be
valid for analyzing this system. As a comparison.
a 500 MW thermal coal-fired channel with a 50 msec
ing the convention that the pressure wave will
reflect from a position midway between the start
of the convergent section of the burner chamber
and the throat. a first Iongitudinal mode resonant
frequency of $262 hz was calculated. Considering
the assumption of the proper reflection point for
an axial pressure wave in a convergent duct, the
agreement between the experimentally measured fre-
quency and that predicted confirms the nature of
the oscillation mode within the burner.
The amplitude of the oscillations, using the
previously discussed calibration procedure, was
'	 21.3 psi peak-to-peak or approximately 15 percent
•	 of the mean chamber pressure of 10 atmospheres.
IV. Measurement of Channel
El ectricalOscillations
hall Voltage Oscillati ons
During a typical test run. the vo l tage between
two sets of electrodes- one set at the start of
the power producing region of the channel and the
other approximately 6 inches downstream, was re-
corded on magnetic tape. Using the digital ana-
lyzer previously discussed, d variety of ap-
proaches were available to analyze the data.
Power spectral density plots were used to identify
the oscillatiay. frequency and determine the
signal-to-noise ratio. A typical plot is shown in
Fig. 7 for the two recorded signals. While there
is considerable noise, the peaks at 5000 Mz are
readily distinguishable. In this case, the
signal-to-noise level is of the order of 3 dB
only. The effect of the high noise level is to
decrease the coherence of the signals for phase
lag measurements. Both coherence and phase lag
are shown in Fig. 8. For the frequency of inter-
est. the coherence is in excess of 0.50. The
averaged value of the phase lag for that frequency
was taken as 12?.
Estimate of Channel Wave Propagation Velocity
In order to determine whether the oscillations
from the combustion chamber propagated at the
local gas velocity in the channel, corresponding
to entropy wave production within the burner, or
at the sum of both gas and local sonic velocity,
corresponding to an acoustic wave. it is necessary
to compare the measured wave velocity based on the
electrical signal phase tag, the frequency, and
the distance between the measurement stations with
an estimate of the gas and sonic velocities within
the channel. The measured wave velocity based on
phase angle and frequency was. from Table I,
11,250 ft/sec.
A one-dimensional analysis of channel perfor-
mance was used to estimate the channel conditions
that could not be readily measured. The results
of the channel analysis are shown in Fig. 9 for a
nominal B field of 3 Testa. On the plot are shown
the variations of static pressure. Mall voltage,
and the sum of gas plus sonic velocities. For the
acoustic wave velocity, pressure, and steady-state
Mall voltage, sufficient data were taken to assure
the validity of the calculation procedure. The
average wave velocity between the two measurement
points as indicated by the figure and Table I is
11,075 ft/sec which agrees sufficiently well with
the theoretical number to verify that the elec-
trical wave propagates as an acoustic-like wave
rather than an entropy wave.
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residence time coal-fired combustor will haw a Table 1. - MALL VOLTAGE ANALYSIS
8.L. time wave time ratio of t#'* order of 100 to
300 depending on the nature of the oscillations (8 Field . 3 Tula, frequency of *will+-
and other factors. 	 Thus, it 4ppe4rs to be mces- Lion. f000 ht a 011tuda of bureet pres-
sary to develop astimetu of the unsteady B.L. sure oecillati*A . 21 psi jptp).J
loss mechanises in order to accurate)? charac-
terizo wave processes in these channels. toution of trusieet 6.6	 12.9
senser
lnch^esFV. Discussien (i	 free inlet)
:	 Tike results obtained free this study indicate Ueady-state 20.	 32.
that the acoustic waves produced by a combustor iuereUctrade
operating at the first lmgitsd%mI Bede of os- Voitage
cillation decay within the duct. 	 While the ampii-
tides of the oscillations in 04411 voltage at the Transient 5.37	 3.25	
yd	 first or upstream station are consistent with a interelectrode
k	 simplified perturbation model, analysis of the volupe
decay of the osculations flown the ohannet should
be based on an unsteady bow fiery layer Model Tra"sient/steady .268	 .101
rather than a quasi-steady Model.	 In addition, ratio (experimental)
the use of an infinite probe:sw osch for wasur-
ing pressure oscillations within an IM combustor Trensient/steady .258
has been assessed as being reasonable provided ratio (theoretical)
that soft means for calibrating 0e probe can be
found.	 The resonance tube approach for calibra- 1h4se lag 72 de'rees (0.0004 sec)
tion appears to be sui • sble for this purpose.
wave velocity 11,250 ft/sac
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